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We have measured the magnetic excitation spectrum of the model square-lattice spin-1/2 antifer-
romagnet Sr2CuO2Cl2 over a broad range of energy and momentum using high-resolution inelastic
neutron scattering (INS). The magnon dispersion along the zone boundary was accurately measured
to be a 43 meV between (1/2, 0) and (3/4, 1/4) indicating the importance of coupling beyond near-
est neighbors in the spin Hamiltonian. We observe a strong momentum dependent damping of the
zone-boundary magnons at (1/2, 0) revealing a high energy continuum of magnetic excitations. A
direct comparison between our INS measurements and resonant inelastic X-ray scattering (RIXS)
measurements shows that the RIXS spectrum contains significant contributions from higher energy
excitations not previously considered. Our observations demonstrate that this high-energy contin-
uum of magnetic fluctuations is a ubiquitous feature of insulating monolayer cuprates, apparent in
both inelastic neutron and light scattering measurements.
PACS numbers: 78.70.Nx,75.30.Ds
In the continued search for new states of matter, char-
acterized by unconventional collective modes, model sys-
tems play an essential role advancing quantitative under-
standing of novel theoretical ideas and state of the art
experimental techniques. The value of a well-established
model system is that it allows researchers to focus on
solving, rather than defining, the problem. The spin-1/2
Heisenberg model on a square lattice is one of the most
extensively studied systems of quantum magnetism. In-
terest in this model has been largely stimulated by its rel-
evance to the parent compounds of the high temperature
cuprate superconductors [1], La2CuO4 is perhaps the
best known example in this regard [2]. While the long-
wavelength spin excitations in La2CuO4 are correctly de-
scribed by a renormalized spin wave theory within the 2D
Heisenberg model, experiments probing the high energy
spin fluctuations have shown that the nearest-neighbor
Heisenberg model cannot capture details of the spin ex-
citation spectrum at short wavelengths. For example,
the broad asymmetrical line-shape of the two-magnon
Raman scattering cannot be explained by calculations
based on spin-wave theory [3, 4]. More recently, inelas-
tic neutron scattering (INS) measurements conducted by
Headings et al. reveal a high energy momentum depen-
dent continuum of magnetic excitations in La2CuO4 [5].
In this letter, we report high resolution INS measure-
ments of the magnetic excitation spectrum of another
well-known 2D model system, the insulating cuprate
Sr2CuO2Cl2 [6–8]. We observe a strong momentum de-
pendent damping of the zone boundary magnons indicat-
ing the presence of a high-energy continuum of magnetic
excitations in Sr2CuO2Cl2. Furthermore, we directly
compare the INS spectra with previously reported res-
onant inelastic X-ray scattering (RIXS) results [9]. Im-
portantly, the RIXS and INS measurements are in agree-
ment over a large portion of the Brillouin zone except in
the neighborhood of (1/2, 0) where RIXS overestimates
the zone boundary energy by ∼25 meV. This deviation
occurs in precisely the region of phase-space where the
continuum scattering carries significant spectral weight.
The strong coupling of the RIXS cross-section to the mo-
mentum dependent continuum, in conjunction with the
broad energy resolution of RIXS, accounts for discrepan-
cies between the zone-boundary magnon dispersion mea-
sured by RIXS and INS. Thus, the high-energy momen-
tum dependent continuum of spin fluctuations previously
observed in La2CuO4 [5] appears to be a general fea-
ture of the magnetic excitation spectrum in the parent
cuprates, evident in both inelastic neutron and light scat-
tering measurements.
For our measurements, large single crystals of
Sr2CuO2Cl2 were grown from flux following identi-
cal synthesis procedures to previous reports [10].
Sr2CuO2Cl2 has a tetragonal unit cell, space group
I4/mmm, down to at least 5 K with lattice parameters, a
= b = 3.96 A˚ and c = 15.53 A˚ and we index momentum
transfer Q = ha? + kb? + lc? using the reciprocal lattice
of the structural unit cell. Measurements were performed
on an array of seven co-aligned single crystals with a to-
tal mass of 17 g, and a mosaic spread of 2◦ . The sample
was aligned with the c?-axis along the incident neutron
wavevector, ki for the duration of the measurement.
INS measurements were performed on the fine resolu-
tion Fermi chopper spectrometer SEQUOIA, at the Spal-
lation Neutron Source (SNS) at Oak Ridge National Lab-
oratory. Measurements of the zone boundary magnetic
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2excitations were carried out in two configurations: with
Fermi chopper 1 rotating at a frequency of 480 Hz phased
for an incident energy of 450 meV, and with Fermi chop-
per 1 at 300 Hz phased for an incident energy of 150 meV.
A T0 chopper rotating at 120 Hz was used to eliminate
the fast neutron background [11, 12]. INS intensities were
put on an absolute scale by normalization with incoher-
ent elastic scattering from the sample.
Figure 1 shows a set of typical constant energy transfer
slices in the (h, k) plane of the raw neutron scattering in-
tensity. The INS cross-section is directly proportional to
the dynamical structure factor and high intensity regions
are produced when the spectrometer resolution volume
intersects with the spin excitation dispersion surface. In
Fig. 1 cones of spin waves can be seen emerging from the
antiferromagnetic zone centers at (1/2, 1/2) which dis-
perse isotropically at low energies. As the zone-boundary
energy is approached around 280 meV [Fig. 1 (e)], the
high intensity regions become localized near the (1/2, 0)
positions in reciprocal space.
More details of the spin excitations can be extracted
from constant energy transfer and constant momentum
transfer cuts through the dispersion surface. Represen-
tative cuts are presented in figure 2. The spin wave
dispersion and momentum dependence of intensity were
accurately determined by independently fitting a large
number of cuts, spanning the full Brillouin zone, with
a model cross-section based on the Hamiltonian in equa-
tion (1) convolved with the spectrometer resolution func-
tion [13]. Figures 3 (a) and (b) show the dispersion and
spin wave intensities respectively along high symmetry
directions obtained from the cuts.
The data at small momentum transfers, close to the
magnetic zone center, and over a large portion of the
zone boundary are consistent with results from previous
low-energy INS measurements [7] as well as the recent
RIXS results. We also observe a large, 43 meV, dispersion
along the zone-boundary, between (1/2, 0) and (3/4, 1/4);
however, this is significantly smaller than the 70 meV
zone boundary dispersion reported by a RIXS study on
the identical compound [9], but still much larger than the
22 meV dispersion reported for La2CuO4 [15].
The observed dispersion can be analyzed following pre-
vious work on La2CuO4 which described the excitation
spectrum using classical linear spin wave theory and a
Heisenberg Hamiltonian including higher order couplings
in the spin operator [5, 15]:
H =J
∑
〈i,j〉
Si · Sj + J ′
∑
〈i,i′〉
Si · Si′ + J ′′
∑
〈i,i′′〉
Si · Si′′ (1)
+ Jc
∑
〈i,j,k,l〉
{(Si · Sj) (Sk · Sl) + (Si · Sl) (Sk · Sj)
− (Si · Sk) (Sj · Sl)},
where J , J ′, and J ′′ are the first, second and third neigh-
bor exchange, and Jc is the ring exchange. Expand-
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FIG. 1. Representative constant energy transfer slices dis-
playing the raw INS intensity at T = 5 K. Data in panel (a)
was collected with Ei = 150 meV and a total proton charge of
47.5 C. Data in panels (b)-(e) was taken with Ei = 450 meV
and a proton charge of 186 C. Data were scaled to absolute
units by normalizing with incoherent elastic scattering from
the sample.
ing the exchange constants to fourth order in terms of
an effective Coulomb repulsion U and nearest neighbor
hopping t, the exchange constants can be determined in
terms of t and U [15, 17]. Fitting t and U within linear
spin wave theory we obtain t= 0.261(3), U = 1.9(5) and
J=4t2/U − 24t4/U3 =126(3), J ′=J ′′=4t4/U3 =2.7(5),
Jc = 80t
4/U3 = 54(3). This fit is shown as a solid black
line in Fig. 3 (a). The momentum dependence of the
magnon spectral weight also predicted by spin wave the-
ory, including two transverse modes, is compared with
the integrated intensity of the one-magnon signal ex-
tracted from INS data in Fig. 3 (b). Including an in-
tensity renormalization factor of Zd = 0.48(5) [16], there
is good agreement with the linear spin wave theory pre-
diction across most of the Brillouin zone except for mo-
mentum transfers in near (1/2, 0) where the measured
30.2
0.6
1
1.4
1.8
95±5 meV
0.3 0.5 0.7
(0.5,k) (r.l.u.)
0.1
0.3
0.5
0.7
0.9
125±5 meV
-0.02
0
0.02
0.04
0.06
0.08(3/4, 1/4)
200 300 400
Energy (meV)
-0.02
0
0.02
0.04
0.06
0.080.92(1/2, 0)
(a)
(b)
(c)
(d)
k
i
k
f
d
2 σ
d
Ω
d
E
(m
ba
rn
m
eV
−
1
sr
−
1
f.u
.−
1
)
FIG. 2. (a)-(b) Constant energy cuts near the antiferromag-
netic zone center for an incident neutron energy of 150 meV.
(c)-(d) Constant momentum transfer cuts through the zone
boundaries integrated over ±0.16 A˚−1 for an incident neutron
energy of 450 meV. An energy dependent background, mea-
sured near Q = (1,0) has been subtracted from the constant
momentum transfer cuts. Black solid lines show the time-of-
flight spectrometer resolution FWHM at the zone boundaries.
Red lines are fits to the resolution convolved model cross- sec-
tion, including the anisotropic Cu2+ dx2−y2 form-factor [14].
Triangles in (c)-(d) are the corresponding RIXS data from
reference [9].
intensity is strongly suppressed compared with the spin
wave theory prediction. The origin of this discrepancy is
revealed by the constant momentum transfer cuts which
show a high energy tail of scattering forming a momen-
tum dependent continuum around (1/2, 0). Magnons at
(1/2, 0) couple strongly to these higher energy excita-
tions and are thus heavily damped, reducing the spectral
weight contained in the one-magnon peak. The momen-
tum and energy integrated intensity of the inelastic mag-
netic scattering is 〈M2inelastic〉 = 0.95 ± 0.30 µ2B corre-
sponding to approximately 65% of the inelastic spectral
weight predicted by renormalized spin-wave theory [16].
An identical suppression of the one-magnon inten-
sity around (1/2, 0) and momentum dependent contin-
uum scattering has previously been observed in both
La2CuO4 [5] and the square lattice antiferromagnet
CFTD [18]. The origin of these high energy magnetic
excitations is not clear. The broad peak shapes and
momentum dependent damping cannot be accounted
for by including two-magnon process in the INS cross-
section [5, 18]. One possible explanation of the high en-
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FIG. 3. (a) Magnon dispersion along high symmetry direc-
tions measured by INS in Sr2CuO2Cl2 at T = 5 K. Each point
was extracted by fitting to individual constant momentum or
energy transfer cuts. Square points were obtained from the
Ei = 150 meV data and the circles from the Ei = 450 meV
data. The solid black line is the best fit to the spin wave
dispersion relation and the red filled area is the difference
between the RIXS results of [9] and INS measurement. (b)
Wave-vector dependence of the integrated spin wave intensity.
The black solid line is the prediction of linear spin wave the-
ory including an intensity renormalization factor Zd = 0.48(5)
[16].
ergy spectral weight is the existence of spinons with a d-
wave dispersion, as proposed in some theoretical models
of the cuprates [19]. Such high-energy excitations should
also be visible in RIXS spectra, which has been shown to
couple strongly with the two-and four-spinon continuum
present in one-dimensional magnetic systems [20, 21].
RIXS has recently emerged as a powerful probe of
collective excitations in quantum condensed matter sys-
tems [22]. RIXS has been used to measure the disper-
sion of charge excitons, orbitons, bimagnons, as well as
magnetic excitations in copper oxide based model sys-
tems [20, 21, 23, 24]. The observation of momentum
resolved collective magnetic excitations has generated a
great deal of excitement in the research community be-
cause RIXS overcomes many challenges of INS. In par-
ticular, measurements can be performed on small sam-
4ples, including thin-films [25], and on samples containing
highly absorbing elements such as Ir [26]. Unfortunately,
coarse energy resolution currently limits the applicabil-
ity of this technique to only a handful of systems with
large magnetic energy scales. RIXS also couples strongly
to other types of excitations in addition to magnetic col-
lective modes [22] which, in conjunction with the coarse
energy resolution, can severely limit interpretation of ex-
perimental data. Since the cross-section of INS is well
understood, a detailed comparison of magnetic excitation
spectrum measured by RIXS and INS throughout the full
Brillouin zone would be of great utility in the develop-
ment of our understanding of the RIXS cross-section. An
earlier comparison for La2CuO4 found that the magnon
spectrum of La2CuO4 extracted from RIXS agrees with
neutron scattering data [15] over most of the Brillouin
zone [27, 28]. However, this comparison was limited in
momentum space coverage and did not include the zone
boundary.
In figure 2 (c) and (d) the corresponding RIXS spectra
from reference [9] are superimposed with the INS data.
While the position of the RIXS and INS peak intensity
is in excellent agreement near (3/4, 1/4), there is a sig-
nificant ∼25 meV discrepancy near (1/2, 0), [Fig. 2 (d)].
The momentum dependence of this discrepancy is high-
lighted by the red shaded area in Fig. 3 (a) which shows
the difference between the magnon dispersion predicted
using parameters extracted from the RIXS data in [9]
and the INS result.
In order to extract the spin wave dispersion, RIXS
spectra are typically analyzed including contributions
from one-and two-magnon scattering. Scattering by the
creation of a single magnon is considered to be the domi-
nant process and the energy position of the spectra max-
imum corresponds closely to the magnon energy [9, 28].
Upon comparison with the INS lineshape, it is clear that
the simple interpretation of the RIXS spectrum in terms
of one-and two-magnon excitations alone is not com-
plete and that there must be a significant higher energy
contribution to the RIXS magnetic spectral weight near
(1/2,0). This was not observed in previous comparisons
of RIXS and INS measurements of the magnon disper-
sion in La2CuO4 because the RIXS study only extended
up to q ≈ 0.8(1/2, 0) [28], just outside the region where
we observe the discrepancy between RIXS and INS.
The results presented here show that the momen-
tum dependent continuum scattering at (1/2, 0) [5] is
a general feature of the monolayer parent cuprate com-
pounds and that the magnetic excitation spectrum can-
not be fully described by a renormalized spin wave the-
ory from an ordered antiferromagnet. This conclusion
is further supported by optical measurements where the
deficiency of spin wave theory for describing the short
wavelength magnetic excitation spectra is particularly
apparent. Specifically, spin wave theory fails to explain
the asymmetrical line-shape of the two-magnon Raman
scattering [3, 4] and high energy spectral weight extend-
ing between 400 and 750 meV observed in mid-infrared
(midIR) optical absorption measurements [29]. MidIR
optical absorption spectra of the cuprates show a sharp
resonance peak near 400 meV [29] which has been iden-
tified as resulting from a bimagnon plus phonon exci-
tation [30]; however, the significant spectral weight ex-
tending from the 400 meV resonance up to 750 meV
cannot be explained in this context. Similarly, through
careful analysis of the optical conductivity line-shape in
YBa2Cu3O6 Gru¨ninger et al. conclude that, while the
main resonance peak observed near 400 meV is well de-
scribed by the bimagnon plus phonon process, the sig-
nificant spectral weight extending to 750 meV cannot be
accounted for within spin wave theory [31]. The inclu-
sion of ring exchange and phonon damping terms has
also failed to account for the asymmetric Raman scatter-
ing line shape [4]. A complete description of magnetic
interactions in the parent cuprates must account for this
high energy, momentum dependent, continuum of mag-
netic excitations.
In conclusion, we have measured the magnetic excita-
tion spectrum of the model square-lattice spin-1/2 an-
tiferromagnet Sr2CuO2Cl2 throughout the full Brillouin
zone. Our results show that the high energy momentum
dependent continuum of magnetic excitations observed in
La2CuO4 is a general feature of monolayer cuprates. A
direct comparison between the magnetic excitation spec-
tra measured by INS and by RIXS reveals significant con-
tributions from higher energy excitations in the RIXS
spectra that were not fully considered in the previous
analysis. This resulted in an overestimation of the zone-
boundary energy at (1/2, 0). As the energy resolution
and theoretical understanding of the RIXS cross-section
continues to improve RIXS may become an ideal probe
of this high energy momentum dependent continuum of
excitations.
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